Calculations of the vibrational relaxation rate constants of the He and CO-4 He systems are extended to lower temperatures than in any previous calculation and a comparison made with new experimental results in the temperature range 35-295 K for He and previously published results in the range 35-2300 K for He. Both the coupled states ͑CS͒ and infinite-order sudden ͑IOS͒ approximations are used, with the self-consistent-field configuration interaction CO-He interaction potential of Diercksen and co-workers. The CS approximation is found to give a similar level of agreement with experiment for the two isotopic species, while the performance of the IOS approximation is system dependent. The discrepancy between experimental and theoretical IOS rate constants is quite different for collisions involving 3 He and 4 He, so that it is not profitable to compare IOS results directly with experiment for these two systems at temperatures below 300 K. The differences between the measured and the CS calculated rate constants for both the CO-4 He and CO-3 He systems are thought to be due predominantly to inaccuracies in the interaction potential. Relaxation rate constants for CO target molecules in collision with HD, D 2 and H 2 are compared with results involving 3 He, 4 He, and '' 2 He,'' revealing some systematic trends depending only on mass. However, for all hydrogen species there are marked upturns in the rate constants at low temperatures relative to those for helium atoms, while the rate constants for HD are greater than those for 3 He throughout the temperature range. Calculations at small initial kinetic energies for the CO-He systems reveal an unexpected increase in relaxation cross section with reduction in kinetic energy. This implies that at very low temperatures the CO-He rate constants will show an upturn with decreasing temperature. The fact that this effect is smaller than that for the CO-hydrogen systems and occurs at lower temperatures is consistent with the shallower CO-He attractive well compared with that for CO-H 2 .
I. INTRODUCTION
The study of vibrational relaxation of CO (vϭ1) by inelastic collisions with 3 He and 4 He atoms provides a convenient model on which to base analysis of relaxation processes involving other diatomic molecules and other lowmass collision partners. In this paper, experimentally determined rate constants for the vibrational relaxation of O by 3 He, 4 HD, D 2 and H 2 are compared with calculated values of these quantities for CO- 3 He, CO- 4 He and ''CO- 2 He'' down to 35 K, which is the lowest temperature currently accessible with our apparatus. This is the most extensive set of calculations of rate constants at low temperatures that has been performed on the CO-He system.
Vibrational relaxation in the CO-He system has been the subject of a number of theoretical studies, using quantum-mechanical [1] [2] [3] [4] [5] [6] and semiclassical [7] [8] [9] techniques to solve the scattering equations. A potential energy surface for this system is available which includes the dependence on the CO vibrational coordinate. It is based on electronic structure calculations by Diercksen and co-workers 1, 3 and has been used extensively for vibrational relaxation studies of the CO-He system. 3, 5, 6 Vibrational energy transfer is very dependent on the shape of the interaction potential and its dependence on the vibrational coordinates. At very low temperatures the shape of the attractive well is of great importance, while at higher temperatures it is the shape of the repulsive wall that is crucial.
Properties that depend on elastic and rotationally inelastic collisions of CO with He are also of great interest. Keil et al. 10 have measured total differential cross sections, and Faubel et al. 11 have measured rotationally inelastic cross sections using time-of-flight methods. Gianturco et al. 12 have used these results, together with mixture viscosities and diffusion coefficients, to adjust the vibrationally averaged part of the ab initio intermolecular potential. There has also been a considerable amount of experimental 13, 14 and theoretical [15] [16] [17] work on the pressure broadening of CO microwave and infrared lines by He, including measurements 18, 19 and calculations 20, 21 at temperatures below 4 K. Recent infrared studies of the CO-He dimer by Chuaqui et al. 22 provide a further insight into the CO-He interaction potential.
In this paper, we examine the theoretical methods that are available for the calculation of rate constants for vibrational relaxation, and carry out calculations for CO-He using the coupled states ͑CS͒ and infinite-order sudden ͑IOS͒ methods over a large range of collision energies. We compare the calculated rate constants with experimental results for CO-M, where M is a collision partner of mass four ͑ 4 He and D 2 ), mass three ͑ 3 He and HD͒ or mass two ͑'' 2 He'' and H 2 ). New experimental results for the deactivation of CO (vϭ1) by the collision partner 3 He down to 40 K are presented in this paper. In earlier work, rate constants for the collision partners 4 He and 3 He have been determined in the temperature range 80-300 K. 2, 5, 23 Rate constants have also been measured for deactivation of CO by H 2 and D 2 ͑Refs. 23-25͒ and HD. 24, 26 In recent work, we have been able to extend our earlier measurements of the relaxation rate constants of 12 C 16 O by 4 He, H 2 , D 2 ͑Ref. 27͒ and HD ͑Ref. 28͒ to temperatures as low as 35 K in the gas phase. Hightemperature rate constants for deactivation of CO by 4 He between 580 and 2300 K have also been measured. 5, 29, 30 II. EXPERIMENT We have recently been able to extend our measurements of the relaxation rate constants of 12 C 16 O (vϭ1) to temperatures as low as 35 K in the gas phase and 25 K in liquid D 2 ͑Refs. 28 and 31͒ and liquid Ne ͑Ref. 32͒ solution. These temperatures are low enough to yield new and unexpected results for collisions of CO with H 2 , D 2 and HD. In the present work, we extend these low-temperature measurements to the collision partner 3 He. The experimental techniques and apparatus used in this work have been fully described previously. 27 A frequency-doubled CO 2 laser is used to pump a small proportion of the 12 C 16 O present in a gas phase mixture to its first vibrationally excited state. This relaxes to the ground vibrational state by a combination of radiative and collisional processes. In order to measure the relaxation rate constants accurately, it is necessary that the rate of collisional deactivation of CO (vϭ1) by the collision partner of interest (n M k CO-M ) is considerably greater than the rates of fluorescence decay (k rad ), deactivation by impurities (n imp k CO-imp ), and diffusion of CO (vϭ1) out of the field of view of the detector (k diff ). These conditions are summarized by the inequality,
where the quantities k CO-M are rate constants and the n M are number densities. An additional constraint is that there must be a sufficiently large number of CO (vϭ1) molecules to give an adequate signal-to-noise ratio in the fluorescence traces. At temperatures below 60 K, only the lowest few rotational levels of CO are populated appreciably and it is necessary to use a laser which pumps CO efficiently from vϭ0, J to vϭ1, JϮ1 for low values of J. The frequencydoubled 9R͑18͒ line of the CO 2 laser is within 0.009 cm Ϫ1 of the vϭ1←0 P͑2͒ line of 12 
C
16 O, and at 500 torr the pressure-broadened linewidth is about 0.05 cm Ϫ1 . The linewidth of the high-pressure laser used in this study is 0.08 cm Ϫ1 in the Littrow configuration, and 0.04 cm Ϫ1 in the non-Littrow configuration, 33 which enables 12 C 16 O to be pumped efficiently to the vϭ1 level at low temperatures.
The low-temperature limit of 35 K in the gas phase for our experiments is set by the vapour pressure of CO, which falls very rapidly below 40 K. 34 At 35 K the vapour pressure is 1ϫ10 Ϫ4 torr, which is sufficient for fluorescence traces to be obtained with very good signal-to-noise ratios after about 30 laser pulses.
When Ar or Ne buffer gas pressures in excess of 100 torr are used, the rate of diffusion of CO (vϭ1) molecules out of the field of view of the infrared detector is much less than k rad . This is easily demonstrated by changing the total pressure in the fluorescence cell. We have also used our apparatus to verify that there is no significant radiative trapping of the fluorescence at the low pressures of CO used here, and that the value of k rad , 33Ϯ3 s Ϫ1 , is independent of both temperature and pressure. 35 The laser that we have used in our latest experiments 27, 28, 31, 32 provides a more efficient means for pumping the system than was available to us previously. In addition, we are now able to work at pressures up to 20 atm., and can thus ensure that the rate of collisional deactivation dominates the rate of fluorescence decay, even when values of k CO 3 He over the temperature range 295-40 K, obtained in the present work are given in Table I and Fig. 1 , together with those obtained for its deactivation by HD. 26, 28 The new results for the CO- 3 He system measured from 40-150 K agree with the older data, 26 taken from 295-85 K, within their error limits.
Impurities do not contribute significantly to the uncertainties in the rate constants at low temperatures for any of the systems considered here. At temperatures below 150 K, any traces of H 2 O and CO 2 are frozen on the cell walls, as are any hydrocarbons which might be present. For each system, the analysis of the experimental fluorescence decay in- cludes contributions from any trace impurities which remain in the gas phase at the temperatures considered. In particular, the dramatic upturn in the values for the CO-HD relaxation rate constants at temperatures below 55 K is not due to traces of H 2 in the HD sample.
III. THEORY
Calculations of vibrationally inelastic cross sections and thermally averaged rate constants provide critical tests of the interaction potential and of the physical approximations which are introduced to make the problem tractable. A wide range of collision energies contributes to the thermally averaged rate constants. The anisotropy of the potential surface is important, because it determines the extent to which the vibrational energy released can be taken up into molecular rotation. The rate constants for vibrational relaxation are extremely small and vary rapidly with temperature, presenting a formidable challenge to theory for even the simplest systems.
The theory of vibrationally inelastic collisions in atomdiatom systems involves only three internal coordinates. A detailed understanding of these systems is essential before attempting to model diatom-diatom relaxation, in which the relative orientation of the molecules introduces two additional angular coordinates. In either the atom-diatom or the diatom-diatom case, the quantum-mechanical scattering problem can be expressed as a set of coupled differential equations involving the intermolecular distance. However, the number of such equations is smaller in the atom-diatom case.
The coupled equations may be formulated either exactly or using a variety of approximate schemes. 36 The exact formulation produces the so-called close-coupled ͑CC͒ equations. However, even for a system as simple as CO-He, the CC equations are extremely expensive to solve at the energies needed in vibrational relaxation calculations, and approximate methods are needed. In the present work, we have carried out calculations using the coupled states and infiniteorder sudden approximations. The CS method approximates the operator L 2 , which describes the orbital angular momentum of the colliding pair, allowing the factorisation of the close-coupled equations into much smaller sets. In the CS method, the number of coupled equations N is the number of diatom vibration-rotation levels included in the basis set; this gives Nϭ60 for the basis set used in the present work. The IOS method makes the further approximation that the rotational energies of the molecules may be neglected compared to the relative translational energy, which factorizes the coupled equations even further. In the IOS method, calculations are carried out at fixed values of the intermolecular angle; the number of coupled equations that must be solved at each angle is the number of diatom vibrational levels in the basis set, which gives Nϭ3 in the present case.
The CS results described later, which are the most accurate that can be obtained without solving the complete set of close-coupled equations, can be considered as benchmarks against which other approximations may be tested. The IOS approximation is known to give good results for vibrational relaxation rates in CO-He at high temperatures, 5 but is expected to fail in the low-temperature range which is explored in this paper.
The success of any theoretical investigation of vibrational relaxation depends on the use of an accurate interaction potential, which may be obtained either by inversion of experimental results or from ab initio calculations. In recent years, the spectroscopy of van der Waals complexes has proved to be a very valuable source of information on the attractive well region of intermolecular potentials. Highresolution microwave and infrared spectra have been used to obtain highly accurate empirical potentials for prototype atom-diatom systems including Ar-H 2 , 37 Ar-HF ͑Ref. 38 and Ar-HCl. 39 These potentials have proved quite successful in calculations of rotationally inelastic scattering. 40, 41 However, very few of the empirical potential energy surfaces that have been developed so far include the dependence on the diatom bond length, which is essential for calculations of vibrational relaxation: the surface for Ar-H 2 ͑Ref. 37͒ includes this dependence, but most of the others do not. Ab initio calculations can include the vibrational dependence, but this involves a great deal of computation and CO-He is one of only a few systems for which this task has been undertaken.
Thomas, Kraemer and Diercksen 1 ͑TKD͒ carried out self-consistent field ͑SCF͒ and configuration interaction ͑CI͒ calculations of the He-CO potential as a function of the intermolecular distance, R, for seven values of the intermolecular angle ␥ and a single value of the CO bond length r. They used the resulting potential for calculations of rotational relaxation. Schinke and Diercksen 3 extended the ab initio calculations to include two nonequilibrium CO bond lengths and hence the vibrational coordinate dependence. The combination of the CI results from Refs. 1 and 3 is referred to here as the TKD-SD potential. Schinke and Diercksen 3 carried out some vibrationally inelastic scattering calculations, using the SCF version of the vibrational dependence. Subsequently, Banks and Clary 4 carried out further vibrational relaxation calculations, using a dumbbell potential based on the TKD potential, but without using the vibra- tional dependence calculated by Schinke and Diercksen.
Wickham-Jones et al. 5 fitted a functional form to the CI points of Refs. 1 and 3 for all three values of the CO bond length, and used the resulting potential to carry out IOS calculations of the vibrational relaxation rate constants at temperatures above 80 K. They found reasonable agreement between experiment and theory for CO- 3 He, but found that the IOS calculations consistently underestimated the experimental results for CO- 4 He by about a factor of 2. The system dependence of the difference between experiment and theory made it difficult to comment reliably on the quality of the potential surface. The major objectives of our present calculations are to extend these calculations to lower temperatures and to determine to what extent the CS approximation is able to reconcile the discrepancy between the IOS calculations and the experimental results.
The present work uses the fitted potential of WickhamJones et al. 5 For each value of ␥ and r, the potential is represented by
͑2͒
Wickham-Jones et al. fitted the parameters a 1 , a 2 , a 3 , a 4 and a 5 separately to the set of ab initio points at each value of ␥ and r, with the long-range parameters a 6 , a 7 and a 8 constrained to values that correctly describe the asymptotic potential. Some minor typographical errors 42 occurred in the parameters tabulated in Ref. 5 . Between the grid points in ␥ and r, the potential is interpolated using the functional form
where P (cos␥) is a Legendre polynomial and r e ϭ2.132a 0 is the equilibrium bond length of CO. Calculations of vibrational relaxation require matrix elements of the potential between CO vibrational functions. In the present work, these were evaluated analytically for each value of R and ␥, using harmonic oscillator wave functions for the CO vibration.
The CS and IOS coupled equations were solved using the general-purpose inelastic scattering program MOLSCAT, 43 with the hybrid log-derivative propagator of Manolopoulos and Alexander. 44 The CS calculations used a basis set with CO rotational levels up to jϭ24 for vϭ0, jϭ29 for vϭ1, and jϭ4 for vϭ2. The IOS calculations included basis functions for vϭ0, 1 and 2. The CO energies were calculated using e ϭ2169.61 cm Ϫ1 , e x e ϭ13.29 cm Ϫ1 , B e ϭ1.9313 cm Ϫ1 and ␣ e ϭ0.0175 cm Ϫ1 . For initial kinetic energies below 100 cm Ϫ1 , all partial waves up to Lϭ20 were required for an accurate calculation of the relaxation cross sections. For higher energies, contributions from partial waves up to Lϭ40 were required to obtain convergence of cross sections. At these higher energies, it was found to be adequate to perform the calculation at values of L in steps of 4 and to multiply the resulting summed cross section by a factor of 4 to compensate.
The IOS calculation gives vibrational relaxation cross sections as a function of kinetic energy E and collision angle ␥. The cross sections are averaged over the collision angle, and then thermally averaged to obtain rate constants using the equation
where is the reduced mass of the system. The CS calculation is carried out for specified values of the total energy E tot ϭEϩE v j (CO) with vϭ1, so that the calculations correspond to different kinetic energies E for different initial rotational states j. The state-to-state CS cross sections CS (vϭ1,j→vϭ0,jЈ;E) are first summed over the final rotational states jЈ,
͑5͒
These rotationally summed cross sections are then averaged over the kinetic energy E to give rate constants for relaxation from specific initial rotational states, k CS (vϭ1,j→v ϭ0;T),
Finally, the converged rate constants are obtained by averaging those for the lowest 16 initial rotational states, assuming a Boltzmann distribution for their populations.
Calculations were performed at a set of energies chosen to provide accurate Boltzmann-averaged rate constants over the temperature range from 35-295 K. Coupled states calculations were carried out at 23 unequally spaced total energies, corresponding to kinetic energies as shown in Table II for the initial state vϭ1, jϭ0. A fine energy mesh was used for energies below 100 cm Ϫ1 , in order to allow for the possibility of structure in the low-energy cross sections. However, in view of the smooth behavior of the CS cross sections, a coarser low-energy mesh was used in the IOS calculations.
IV. THEORETICAL RESULTS
The cross sections obtained from CS and IOS calculations on CO- 3 He and CO- 4 He are compared in Table II . The IOS results agree with those of Wickham-Jones et al. 5 to a level consistent with the numerical methods adopted in the earlier work. The numerical methods adopted in the present paper are completely independent, so the comparison verifies the validity of the two calculations.
An upturn in the cross sections for both the CO- 3 He and CO- 4 He systems is observed for kinetic energies of less than 20 cm Ϫ1 for all initial rotational states. Kinetic energies of such small magnitude have little influence on the rate constants at temperatures of 35 K and above, and so an accurate knowledge of the behavior of the cross sections below 20 cm Ϫ1 is not required for the interpretation of the present experimental results. Nevertheless, the observation of this behavior at low kinetic energy is very interesting and is being investigated further. We suspect that the upturns are caused by rotational resonances, which have previously been observed 20, 21 in the rotational relaxation of CO-He at kinetic energies below 15 cm Ϫ1 . However, we have yet to confirm this for the case of vibrational relaxation.
The thermally averaged rate constants for vibrational relaxation of CO by 3 He and 4 He are compared with experiment in Tables III and IV respectively. The discrepancy between the IOS and CS calculated rate constants for the 3 He and 4 He systems illustrates that the accuracy of the IOS approximation is system dependent, with better agreement between the two forms of the calculation being achieved for the lighter mass 3 He system than for the 4 He system. We compare the CS results with those of experiment, since the CS approximation is the superior of the two approximations. This enables us to separate the errors arising from inadequacies in the interaction potential from those resulting from approximations in the dynamics.
The CS calculations of rate constants are compared with the experimental results for 3 two He isotopes: the calculated rate constants are about a factor of 2 too high at high temperatures, and a similar amount too low at low temperatures. The crossover between the experimental and calculated results occurs at 80 K for CO- 3 He and at around 140 K for CO- 4 He. The use of CS calculations has thus largely removed the system-dependence of the discrepancy between experiment and theory. The remaining differences can be attributed with some confidence to deficiencies in the potential energy surface used in the calculations. The comparison of the calculated and experimental rate constants indicates that the calculated cross sections are too high at high kinetic energies and too low at low kinetic energies. The intimate coupling between vibrationally and rotationally inelastic processes involving the CO molecule makes it difficult to make definite statements about the changes in the potential that would be needed to improve the agreement between experiment and theory. Nevertheless, the disagreement with experiment appears to be increasing with temperature, suggesting that the TKD-SD potential is not accurate on the repulsive wall. Conversely, at low temperature, the divergence from experiment is probably due to inaccuracies in the attractive well region.
It is interesting to note that Chuaqui et al. 22 have recently observed infrared spectra of the CO- 3 He and CO- 4 He Van der Waals complexes at temperatures around 50 K, and have shown that the observed spectra are not consistent with the well region of the TKD-SD potential. Instead, they have proposed a potential with a substantially ͑50%͒ deeper well and different well depth anisotropy. This result is consistent with our vibrational relaxation results. Unfortunately, the potential of Chuaqui et al. does not include the dependence on the CO bond length, so it is not possible to use it to carry out vibrational relaxation calculations.
Rate constants for vibrational deactivation in the temperature range 2300 to 600 K have been measured previously for the CO- 4 He system 5,29,30 using shock tube techniques. The experimentally measured high-temperature rate constants are compared with the results of previous IOS calculations 5 in Fig. 4 . We have not carried out CS calculations to high enough energies to compare directly with these experimental results, as this would involve a prohibitive increase in the basis set required for the calculation, but it is interesting to note that, in the high-temperature limit, the IOS calculations are generally about a factor of 1.5 smaller than the experimental results. This may be compared with Table  IV , which shows that CS calculations give rate constants a factor of 2-2.5 larger than IOS calculations at the hightemperature limit of the present calculations. This suggests that CS calculations would slightly overestimate the rate constants at very high temperatures. It may be noted that even the IOS approximation is remarkably successful, reproducing the experimental rate constants to within a factor of 2.5 over the temperature range 35-2300 K, over which the rate constants change by a factor of 10 6 .
V. DEACTIVATION OF CO BY COLLISION PARTNERS OF EQUAL MASS
It is important to consider how far the rate constants for the deactivation of CO by D 2 and HD may be understood by reference to those for its deactivation by 4 He and 3 He. It is also instructive to consider a comparison between H 2 and a species of mass two with the same interaction potential as the two helium isotopes, hereafter referred to as '' 2 He.'' Of course the CO-D 2 , CO-HD and CO-H 2 systems are of far greater complexity than the analogous CO-He systems, but a comparison is informative on a qualitative level.
The measured rate constants for the equal-mass collision partners k COϪHD ͑Refs. 26 and 28͒ and k COϪ 3 He , and for k COϪD 2 and k COϪ 4 He ͑Refs. 23, 25, and 27͒ are compared in Table V . The rate constants for CO- 4 He and CO- 3 He have been extrapolated from 40 K to 35 K, which can be done with confidence. The errors in the data are given in the previous publications. Figure 2 shows the experimental rate constants for the deactivation of CO by the collision partners D 2 and 4 He. Although energy transfer with D 2 is complicated by V-V coupling over part of this temperature range, 23 accurate rate constants for V-R,T relaxation may be obtained from the experimental measurements by correcting for this. It is apparent that the rate constants for deactivation by 4 He are about twice those for deactivation by D 2 in the temperature range 250-100 K. Above 250 K, it appears that the two rate constants converge. Below 100 K, the rate constants for CO-D 2 decrease with falling temperature much less rapidly than those for CO- 4 He, and below 50 K the CO-D 2 rate constants actually increase with temperature. This implies that there is an upturn in the CO-D 2 relaxation cross sections at low kinetic energy, which must be associated with the attractive part of the corresponding interaction potential. As discussed earlier for the CO-He systems, the upturn in the cross sections may well be associated with scattering resonances. However, the deeper attractive well for CO-D 2 , in comparison to CO-He, appears to move the upturn to higher energy, so that it can influence the rate constants at temperatures accessible to our experiments. The upturn in the scattering cross sections for the CO- 3 He and CO- 4 He systems below 20 cm Ϫ1 implies that a similar upturn in the low-temperature rate constants will occur for the CO-He systems, but at a much lower temperature than for the COhydrogen systems. Figure 3 compares the calculated and experimental rate constants for collision partners of mass three. In this case, there is a dramatic difference between the experimental rate constants for HD and 3 He. The rate constants for deactivation by HD are larger than those for deactivation by 3 He at all temperatures, although the rate constants appear to approach one another slowly at temperatures above 100 K. Below 100 K the differences increase, and below 60 K the CO-HD relaxation rate constant displays a pronounced upturn, while that for CO-3 He continues to decrease with decreasing temperature. The large differences must arise because the HD molecule is heteronuclear; the off-center position of the HD center of mass greatly increases the anisotropy of the potential. In addition, the HD molecule can undergo inelastic collisions in which its rotational quantum number changes by 1 rather than 2, providing more opportunity for part of the CO vibrational energy to be accommodated in HD rotation than is the case for H 2 and D 2 collision partners.
There has been very considerable theoretical effort aimed at reproducing the rate constants for vibrational relaxation of CO by molecular hydrogen. [45] [46] [47] Differences between the relaxation rate constants for n-H 2 and p-H 2 were first reported by Millikan and Osburg, 48 while more extensive measurements down to 80 K were performed by Andrews and Simpson. 24 The differences are difficult to account for theoretically. 47, 49 Schinke and co-workers 47 were able to account for the rate constants for deactivation by p-H 2 over the temperature range 295-100 K, but were unable to account for the differences observed for n-H 2 .
No calculations have been reported for the deactivation of CO by molecular hydrogen at temperatures below 100 K, even though the hydrogen molecules are confined almost entirely to the lowest rotational states permitted by nuclear spin symmetry at these low temperatures. Nevertheless, the similarity of the rate constants for CO-D 2 and CO- 4 He, by contrast with the widely different rate constants for CO- 3 He and CO-HD systems, makes it interesting to compare the experimental results for CO-H 2 with calculations on the hypothetical system ''CO-2 He.'' We have carried out CS and IOS calculations on ''CO- 2 He,'' and the results are given in Tables VI and VII and compared with the experimental results for CO-H 2 in Fig. 5 . As expected, the IOS results are closer to the CS results for this system than for either He or He. However, since the IOS errors are mass-dependent, it is unprofitable to compare the IOS results directly with experiment. The relationship between the CS rate constants for CO- 2 He and the experimental rate constants for CO-H 2 is much the same as that between the CS rate constants for CO- 4 He and the experimental rate constants for CO-D 2 : in each case, the CS values calculated for the spherical system are a factor of 2-3 larger at 295 K, but cross over to values below experiment between 60 and 80 K.
The CS cross sections for CO colliding with 4 He, 3 He and 2 He are compared in Fig. 6 . It may be seen that, on a logarithmic scale, the changes between 3 He and 2 He are similar to those between 4 He and 3 He. At a fixed temperature the large change in the overall rate constants between the mass-4 and mass-2 systems may be largely accounted for by the semiclassical formula log kϭA(T)ϪB(T) 1/3 , where is the reduced mass of the colliding system. At low temperatures, the failure of the spherical-partner model to reproduce the upturn in the CO-H 2 and CO-D 2 rate constants prevents the model being quantitatively useful, but at high tempera- tures, in the regime where H 2 or D 2 can be regarded as a structureless, spherically symmetric particle, the reducedmass dependence appears to be the most important parameter influencing the results.
In future work, it is hoped that the rate constants for H 2 , HD and D 2 can be calculated and an explanation found to account for the upturn in their values at low temperatures. It is also intended to carry out experiments with p-H 2 at low temperatures to investigate whether there is a significant ortho-para effect for H 2 .
VI. CONCLUSION
We have performed CS and IOS calculations of the vibrational relaxation rate constants for the CO- 3 He and CO- 4 He systems and compared the results with our recent measurements of these quantities at temperatures as low as 40 K. The CS results agree with experiment to within a factor of 2, but significant discrepancies remain in the temperature dependence. An important improvement over earlier work using the IOS approximation is that the differences between theory and experiment are now similar for 3 He and 4 He, which strongly suggests that the remaining discrepancies are attributable to deficiencies in the potential energy surface used. The extension of the CS calculation to very low kinetic energies has revealed an upturn in the vibrational relaxation cross sections below 20 cm Ϫ1 , similar to that observed in the calculation of rotational relaxation cross sections for this system. 20, 21 Further work is in progress for a full characterisation of this low-energy behavior.
We have also examined the extent to which vibrational relaxation of CO by various isotopic species of molecular hydrogen may be modelled by structureless particles of equal mass. For H 2 and D 2 , this simple model is increasingly accurate at high temperatures, and the experimental results are reproduced at a qualitative level. For HD, however, the asymmetry of the molecule has an important effect on the interaction potential which is not adequately modelled by a spherically symmetric projectile.
It will be a challenge to construct accurate theoretical models of the relaxation of CO by diatomic collision partners, although the upturn in the rate constants below 80 K and the striking behavior of the CO-HD system indicate that the effort is warranted. Progress in this direction was made by Schinke and co-workers for CO-H 2 , [45] [46] [47] but they only performed calculations down to 100 K which is far above the temperatures associated with the upturn in rate constants. The crucial role played by the low-energy cross sections in the calculation of low-temperature rate constants provides a very sensitive test of the accuracy of the attractive part of the potential for these systems. 
